Background: Nucleostemin (NS) is essential for the maintenance of stem cell properties, the functions of which remain poorly understood in cancer cells. The purpose of this study was to explore the impact of NS on malignancy and its clinical significance in oral squamous cell carcinoma (OSCC) patients.
Oral cancer is one of the most common cancers worldwide (Platz et al, 1985; Laramore et al, 1992; Siegel et al, 2012) , and the survival rate of patients with oral cancer has not improved despite improvements and innovations in diagnostic techniques and treatments (Gupta et al, 2009) . The high malignant potential of oral squamous cell carcinoma (OSCC), including the advanced tumour size and presence of nodal metastasis at the time of diagnosis, affect the patient survival. Abnormal proliferation and enhanced invasion and metastasis are important hallmarks of cancer (Hanahan and Weinberg, 2011) , and these biological behaviours define the malignant phenotypes of OSCC. Therefore, to elucidate the crucial molecular mechanisms associated with the malignant phenotypes of OSCC will be helpful for the development of more effective treatments to improve the patient survival.
Nucleostemin (NS) is a nucleolar GTP-binding protein that is expressed in the nucleolus and is involved in pre-rRNA processing, ribosome synthesis and genome protection (Zhu et al, 2006; Romanova et al, 2009; Meng et al, 2011; Lin et al, 2014) .
Nucleostemin has been reported to have an important role in the maintenance of stem cell properties in rat neural stem cells (Tsai and McKay, 2002) , and to be expressed in different types of cancer cell lines, including renal cancer and oesophageal cancer (Fan et al, 2006; Nakajima et al, 2012) . On the other hand, there have been few studies that have investigated the clinical and biological significance of NS in cases with head and neck carcinoma, including OSCC (Cada et al, 2007) . We have previously reported that NS was expressed in neoplastic oral tissue, and that it was associated with proliferation in OSCC cell lines (Yoshida et al, 2011) . However, the biological impact of NS on the malignant phenotypes of OSCC and the clinical significance of NS in patients with OSCC have not been fully clarified.
One of the most recognised signalling pathways associated with the malignant progression of tumours involves the signal transducer and activator of transcription 3 (STAT3) (Devarajan and Huang, 2009) . Signal transducer and activator of transcription 3 has been shown to have a crucial role in cancer metastasis by transcriptionally regulating the expression of genes that promote cell proliferation, cell survival, invasion, angiogenesis and tumour immune evasion (Huang, 2007) . Signal transducer and activator of transcription 3 is known to be activated by many cytokines, growth factors and oncogenic proteins, and overexpression of activated (phosphorylated) p-STAT3 has been reported to be correlated with increased malignancy and a worse prognosis of patients with OSCC (Shinriki et al, 2009; Macha et al, 2011) . On the other hand, little is known about the association between NS and the STAT3 signalling pathway.
In the present study, to explore the biological impact of NS on the malignant progression of OSCC, we established two NSoverexpressing OSCC cell lines, and found that an overexpression of NS contributes to enhanced cellular proliferation and invasion of the cells via the activation of STAT3 signalling. Furthermore, an immunohistochemical analysis using OSCC patient tissue samples demonstrated that a high NS tumour expression level was significantly correlated with advanced T-stage, N-stage and a poor prognosis.
MATERIALS AND METHODS
Cell lines. A human OSCC cell line derived from a tongue tumour, SAS, (Okumura et al, 1996) was obtained from the RIKEN BioResource Center (Ibaraki, Japan). Human OSCC cell lines, OSC-20 and HOC-313, were kindly donated by the Department of Oral and Maxillofacial Surgery, Kanazawa University Graduate School of Medical Science. Previous in vitro and in vivo experiments have shown that HOC-313 cells possess more invasive properties than OSC-20 cells (Matsumoto et al, 1989) . All cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) with 10% fetal bovine serum (FBS). The cells were incubated at 37 1C in a 5% CO 2 atmosphere with saturated humidity.
Plasmids. The human NS expression plasmid, pMY-NS-IRES-GFP, was obtained from Dr Atsushi Hirao (Division of Molecular Genetics, Center for Cancer and Stem Cell Research, Cancer Research Institute, Kanazawa University). The human NS cDNA was inserted into the pMY-IRES-GFP vector.
Stable cell lines. pMY-IRES-GFP vectors were transfected into a Plat-E packaging cell line (a kind gift from Dr Toshio Kitamura, The Institute of Medical Science, The University of Tokyo) using FuGENE 6 (Roche Diagnostics, Indianapolis, IN, USA) to obtain vs. Oral squamous cell carcinoma cells (2 Â 10 5 cells) were infected with viruses. Cells were washed three times with phosphatebuffered saline, resuspended in DMEM containing 10% FBS and analysed for GFP fluorescence on a FACS Aria II (BD Biosciences, Tokyo, Japan) instrument. Then, infectants were fractionated according to the GFP fluorescence intensity. The fractionated cells that showed weak GFP fluorescence were designated as GFP ( À ) cells, whereas those that showed strong GFP fluorescence were designated as GFP ( þ þ ). Finally, stable cell lines were established by using the limiting dilution technique.
Transfection with small interfering RNA. HOC-313 cells were used in this experiment. Twenty-four hours before small interfering RNA (siRNA) transfection, the cells were diluted in fresh medium without antibiotics and were transferred to 60-mm dishes (Nunc, Waltham, MA, USA). The cells were grown and transfected with NS-specific siRNA and Stealth RNAi Universal negative control (40 nM, Stealth siRNA, Invitrogen, Carlsbad, CA, USA) using Lipofectamine RNAi MAX (Invitrogen), as described in the manufacturer's instructions. The sequences for siRNA were as follows: for NS, sense strand 5 0 -UCGCAUUGACCAUUCAACUG GUGG-3 0 , antisense strand 5 0 -CCACCAGUUUGAAUGGUC AAU-3 0 (named NS1), and sense strand 5 0 -UCGCAUUGACCAUU CAACUGGUGG-3 0 , antisense strand 5 0 -CCACCAGUUUGAAUG GUCAAU-3 0 (named NS2). The cells were harvested 48 h after transfection for a western blot analysis.
Cell proliferation analysis. Cell proliferation was determined using the cell proliferation reagent, WST-8 (Cell Counting Kit-8, Dojindo, Kumamoto, Japan). Briefly, 2 Â 10 3 cells were seeded into 96-well plates in 100 ml of medium in triplicate for each condition. Every 24 h after incubation, the WST-8 reagent was added to each well at a 1 : 10 dilution, and the plates were incubated for an additional 2 h at 37 1C. The absorbance of the samples was measured at 690 nm/480 nm. Each experiment was performed in triplicate.
Matrigel cell invasion assay. The cell invasion activity was measured with the Bio Coat Matrigel Invasion Chamber (Becton Dickinson, Tokyo, Japan) according to the manufacturer's protocol. Oral squamous cell carcinoma cells with the indicated status or under specific conditions were inoculated on the Matrigel-coated side of the culture inserts (upper chamber) at a density of 2 Â 10 5 cells per 500 ml of serum-free DMEM, and were incubated for 24 h at 37 1C in a 5% CO 2 atmosphere. At the end of the incubation, the cells on the upper surface of the filter were completely removed with cotton swabs. The invaded cells that remained on the lower surface of the filter were fixed with methanol and stained with Diff-Quick (Sysmex, Hyogo, Japan). The numbers of stained cells in five randomly selected microscopic fields ( Â 200) per filter were counted. The experiments were repeated at least three separate times to confirm the reproducibility.
RNA isolation, reverse transcription and quantitative real-time PCR. Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Tokyo, Japan). The RNA quantity, purity and integrity were evaluated using a NanoDrop spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Complementary DNA was synthesised from total RNA using the Rever Tra Ace qPCR RT Master Mix with gDNA Remover (Toyobo Life Science, Osaka, Japan). For quantitative real-time reverse transcription-PCR (qRT-PCR), each reaction mixture was diluted five-fold with DNase-/RNase-free water (Invitrogen), and 4 ml of each mixture were subjected to PCR. The reactions were run using THUNDER-BIRD SYBR qPCR Mix (Toyobo Life Science) on a Light Cycler 1.5 instrument (Roche Diagnostics, Basel, Switzerland). The comparative C t (DDC t ) method was used to determine the fold changes in expression using GAPDH for normalisation. Each sample was run in triplicate. The following primers were used: NS (forward: Western blot analysis. The cells were lysed on ice in 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA-2Na of pH 8.0, 1 mM EGTA of pH 7.5, 2.5 mM sodium pyrophosphate, 1 mM b-glycerophosphate, 1 mM Na 2 VO 4 , 1 mM PMSF and 20 mM Tris-HCl of pH 7.5 containing a protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland). Protein concentrations were determined using the BCA assay (Bio-Rad Laboratories, Hercules, CA, USA). Samples were boiled with Laemmli buffer, then equal amounts of protein were electrophoresed on polyacrylamide gels containing 0.1% SDS and then were transferred to PVDF membranes (Millipore, Hamburg, Germany). Proteins were detected using appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies and an enhanced chemiluminescence substrate (Amersham Pharmacia Biotech, Buckinghamshire, UK). Proteins were detected using the following antibodies: NS (R&D Systems, Abingdon, UK), phospho-STAT3 (Tyr705) rabbit monoclonal antibodies (D3A7; Cell Signaling Technology, Danvers, MA, USA), phospho-STAT3 (Ser727) rabbit monoclonal antibodies (6E4; Cell Signaling Technology), STAT3 (79D7; Cell Signaling Technology) and b-actin (AC-74; Sigma-Aldrich, St Louis, MO, USA).
Patients and tissue specimens. For the clinicopathological analysis, primary oral cancer tissue samples were obtained from 54 patients with advanced OSCC treated at Kumamoto University Hospital between October 2003 and January 2009. All patients were preoperatively treated with a total of 30 Gy of concurrent 5-FU-based chemoradiotherapy before undergoing curative surgery. Radiotherapy was administered at a daily dose of 2.0 Gy five times a week for 15 days. An oral fluorouracil anticancer agent, S-1, was concurrently administered at a dose of 80, 100 or 120 mg per day according to the patient's body surface area for 14 days from the initiation of radiotherapy. All tumours were staged according to the TNM classification of the UICC (2002), and the degree of differentiation was determined according to the grade classification of the WHO. The samples were fixed with 10% formalin and embedded in paraffin. The study followed the guidelines of the Ethics Committee of Kumamoto University. The nature and aims of the study were explained to all patients, who gave their informed consent for the research.
Immunohistochemical staining and evaluation. Tissue samples obtained from biopsy specimens before preoperative chemoradiotherapy were used for the immunohistochemical analyses. The histological responses to chemoradiotherapy were graded according to the criteria proposed by Shimosato et al (1971) using specimens obtained during surgery. Formalin-fixed paraffinembedded specimens were cut into 4-mm sections and mounted on MAS-GP-coated slides (Matunami Glass Ind., Ltd, Osaka, Japan). After deparaffinisation and rehydration, the sections were heated in an autoclave in 0.01 mol l À 1 citrate buffer (pH 7.0) for 15 min at 121 1C for antigen retrieval. The sections were incubated with 0.3% H 2 O 2 in absolute methanol for 30 min to block the endogeneous peroxidase activity. Then, the sections were incubated with Protein Block Serum Free Reagent (Dako, Glostrup, Denmark) for 15 min to block nonspecific staining.
After the blocking step was completed, the sections were incubated with antibodies against NS (R&D Systems) at 4 1C overnight. This was followed by sequential 60 min incubations with the secondary antibodies (EnVision þ System-HRP Labelled Polymer, Dako), and visualisation with the Liquid DAB þ Substrate Chromogen System (Dako). All slides were lightly counterstained with haematoxylin for 30 s before dehydration and mounting. The expression of NS was considered to be positive when cells showed nucleolar staining. Phosphorylated STAT3 (Cell Signaling Technology) was considered to be positive when cells displayed nuclear staining. The number of NS-positive cells out of 100 cells observed in five random fields ( Â 200) was counted. A labelling index (LI) for NS was calculated by dividing the number of positive cells by the total number of cells per case and multiplying by 100. The slides were independently reviewed by two researchers until a consensus was reached.
Statistical analysis. The differences in the mean values between two groups were statistically analysed using Student's t-test, whereas the differences in the mean values among multiple groups were analysed using a one-way ANOVA with the Bonferroni/Dunn test. To analyse the NS expression in the tissue specimens, the w 2 -test was used to determine the associations between the NS expression status and clinical parameters. Fisher's exact test was used when one or more cells had expected values o5. The survival analysis was performed according to the Kaplan-Meier method. The log-rank test was used to determine the correlation of the NS expression status with the patient survival. A multivariate survival analysis was performed using the Cox regression model to study the effects of NS expression on the OS. All P-values were based on two-tailed statistical analyses, and P-values o0.05 were considered to be statistically significant (*Po0.05 and **Po0.01). All statistical analyses were performed using the JMP 9 software programme (SAS Institute Inc, Cary, NC, USA).
RESULTS
Establishment of NS-overexpressing OSCC cell lines. To investigate the role of NS in the malignant phenotype of cultured OSCC cell lines, we established NS-overexpressing OSCC cell lines by using a reporter system, where the NS promoter drives GFP expression, as described previously (Tamase et al, 2009) . The fractionated cells that showed weak GFP fluorescence were designated as GFP ( À ) cells, whereas those that showed strong GFP fluorescence were designated as GFP ( þ þ ). The expression level of GFP ( À ) cells was approximately equal to the basal level of NS expressed in the original parent cells (data not shown). The GFP ( þ þ ) cells expressed a much higher level of NS compared with the control GFP ( À ) cells ( Figure 1A ). Under normal culture conditions, no significant morphological differences were observed between NS-GFP ( À ) and ( þ þ ) cells in the SAS cell lines. On the other hand, NS-GFP ( þ þ ) cells showed subtle morphological changes compared with NS-GFP ( À ) cells in the OSC-20 cell lines. The expression status of NS in each fractionated cell type was confirmed by real-time RT-PCR ( Figure 1B) . Finally, we named the GFP ( À ) cells harbouring endogenous NS expression 'NS-GFP ( À )' and the NS-overexpressing
Effects of NS on the proliferation and invasion of OSCC cell lines. To determine whether overexpression of NS affects the growth of OSCC cells, we examined the proliferation activity of NS-low and -high cells by using the WST-8 assay. SAS/NS-GFP ( þ þ ) cells exhibited significantly enhanced cell proliferation compared with the SAS/NS-GFP ( À ) cells. Increased cellular proliferation was also observed in the OSC-20/NS-GFP ( þ þ ) cells (Figure 2A ; P-values o0.05 and o0.01).
To examine whether the expression levels of NS affect the invasiveness of OSCC cells, we examined the invasion activity of NS-GFP ( À ) and NS-GFP ( þ þ ) cells using a Matrigel invasion assay system. Enhanced tumour cell invasion was observed in the NS-GFP ( þ þ ) cells in both the SAS and OSC-20 cells ( Figure 2B ; P-values o0.05 and 0.01). On the other hand, downregulation of NS by siRNA led to an inverse phenomenon. HOC-313, an OSCC cell line that has high invasion activity (Yokoyama et al, 2001) , showed a significant reduction of invasiveness when the endogenous NS was knocked down (Figure 2C ; Po0.01). These results suggest that NS has an important role in not only the proliferation but also in the invasion of OSCC.
STAT3 signalling contributes to the regulation of the NS-dependent malignant phenotype in OSCC. To identify the signalling pathway associated with the NS-driven enhancement of cell proliferation and invasion, we investigated the involvement of the STAT3 signalling pathway. Overexpression of NS in OSC-20 cells led to a significant increase in the expression of the tyrosine phosphorylated form of STAT3 ( Figure 3A) . On the other hand, the downregulation of NS in HOC-313 cells significantly decreased this phosphorylation ( Figure 3A ). In addition, there was a positive correlation between the expressions of NS and that of tyrosine-p-STAT3 in the clinical samples of OSCC patients ( Figure 3B ). Furthermore, to determine the downstream targets of the STAT3 signalling pathway, we investigated the alterations in STAT3-related molecules using qRT-PCR. The mRNA expression levels of CCND1 and MMP-7, molecules that regulate cell proliferation and invasion, respectively, were affected by the level of NS expression ( Figure 3C ). A positive correlation was observed between the expression of NS and MMP-7 in the clinical samples of OSCC patients (Supplementary Figure S1) . These data suggest that NS may regulate the malignant phenotypes, such as enhanced cell proliferation and invasion, in OSCC via the STAT3 signalling pathway.
Clinical significance of NS expression in the tumours of OSCC patients. To elucidate the clinical significance of NS expression in the tumours of OSCC patients, an immunohistochemical analysis of NS was performed on biopsy specimens from 54 OSCC patients. The clinicopathological details of the patients are shown in Table 1 . The patients were divided two groups (NS high and NS low) according to the LI of NS. Of the 54 OSCCs we studied, there were 19 (35.2%) NS-high and 35 (64.8%) NS-low OSCCs. There were no significant differences in the expression status of NS according to age, gender, the primary tumour site, clinical stage or differentiation. The frequency of NS high tumours was significantly higher in cases who showed an advanced T-stage and N-stage (P ¼ 0.026 and 0.024). In addition, the survival rate of NS-high expression cases was significantly lower than that of NS-low expression cases (Figure 4 ; P ¼ 0.018). A multivariate analysis using the Cox regression model revealed that the NS expression status (hazard ratio 9.09; P ¼ 0.002) was a significant prognostic factor for the survival of OSCC patients (Table 2) .
DISCUSSION
In the present study, we investigated whether the expression levels of NS affect the malignant behaviours of tumours and the clinical outcomes of OSCC patients. Our data demonstrated that NS regulates the proliferation and invasion of OSCC cells, at least partially via the activation of the STAT3 signalling pathway, and that the tumour expression status of NS is associated with the overall survival in OSCC patients ( Figure 4 and Table 2 ). To the best of our knowledge, no other reports have demonstrated the contribution of the tumour NS expression to both malignant behaviours and the prognosis in patients with OSCC.
The importance of NS in cell proliferation, including the property of self-renewal, has been reported in several different kinds of cancers (Tamase et al, 2009; Lin et al, 2010; Okamoto et al, 2011) . We previously reported that the downregulation of NS decreased the proliferation of OSCC cell lines in vitro (Yoshida et al, 2011) . However, to the best of our knowledge, the effects of NS upregulation on cell proliferation have not yet been examined in OSCC. In the present study, we found that overexpression of NS increases the cell proliferation in two different OSCC cell lines (Figure 2A) . Collectively, these data indicate that the tumour NS status regulates the proliferation of OSCC cells.
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Recent studies have indicated that STAT3 has an important role in the progression of various cancers, such as stomach, breast and pancreatic cancer (Fukuda et al, 2011; Balanis et al, 2013; Wang et al, 2013) . In pancreatic cancer, increased STAT3 signalling increases the expression of EMT-related molecules to induce invasion and metastasis (Fukuda et al, 2011) . It had also been reported that overexpression of p-STAT3 was correlated with increased malignancy and a worse prognosis in patients with OSCC ( Okamoto et al (2011) reported that high NS-expressing cells exhibited increased phosphorylation of STAT3, and they suggested that this might lead to the aggressive malignant phenotypes. Together, these previous studies and our preset data (especially that shown in Figure 3 ) support our conclusion that high NS expression contributes to malignant progression via the activation of the STAT3 signalling pathway in OSCC, thus leading to a poor prognosis in patients with OSCC. To date, little is known about the biological properties of NS in OSCC. However, our functional study showed that NS-GFP ( þ þ ) cells possess enhanced cell proliferation and invasion capacity. Recent studies showed that NS is involved in the regulation of the proliferation of stem cells (Qu and Bishop, 2012; Meng et al, 2013; Yamashita et al, 2013) , suggesting that NS may also be involved in tumour development by critically regulating cancer stem cells (CSCs). A major limitation of our study is that it remains unclear whether the malignant transformation caused by altered NS expression is owing to the modulation of a CSC population. Our immunohistochemical analysis showed that high NS expression is associated with an advanced T-stage, nodal metastasis and a poor prognosis in patients with OSCC. Therefore, despite the potential clinical importance of NS, how CSCs are regulated by NS is unclear. On the other hand, in our preliminary data, NS-GFP ( þ þ ) cells showed an increased potential for sphere formation. Moreover, some genes that induce pluripotent stem cells (Takahashi and Yamanaka, 2006) were upregulated in these cells (data not shown). Therefore, NS-GFP ( þ þ ) cells seem to possess at least some of the properties of CSCs. The use of such cells in in vivo models may increase our understanding of the nature of CSCs.
In conclusion, our results demonstrate that NS may have an important role in the progression of malignant phenotypes in OSCC. Moreover, the overexpression of NS contributes to a poor prognosis in OSCC patients. Further studies will be needed to clarify the role of NS in OSCC and in CSCs, which may lead to the development of novel cancer therapies. 
